Abstract. The mapping of variations in P wave speed in the deep mantle is restricted by the uneven sampling of P waves, in particular beneath the Southern Hemisphere. To enhance data coverage, we augmented the • 1.6 million summary rays of P, pP, and pwP that we used in previous studies with differential travel times of diffracted and refracted core phases. For the core-refracted differential travel time residuals (PKP^e-PKPr)v and PKP^•3-PKP•3c) we used 1383 cross-correlated digital waveforms as well as •27,000 routinely processed bulletin data. We used the waveform data to define quality criteria for the selection and reduction of the bulletin PKP data. For PKPDF-Pdiff we only considered 543 records derived from waveform cross correlation. No PcP data were used in this study. We used optical ray theory to calculate the ray paths associated with the P, pP, pwP, and PKP data, which are measured at 1 Hz. However, to account for the large Fresnel zones of the low-frequency (•50 mHz) PKPDF-Pdiff data we estimated the three-dimensional shape of the Fr6chet sensitivity kernels from kernels calculated by normal mode summation. The use of these kernels allows us to properly distribute the sensitivity for a given seismic phase over a large mantle volume while allowing the high-frequency data to constrain small-scale structure. The differential times are relatively insensitive to source mislocation and to structure in the shallow mantle beneath source and receivers, and they have previously been interpreted exclusively in terms of lateral structure directly above the core mantle boundary (CMB). However, images thus obtained can be contaminated by effects of small scale structure elsewhere in the mantle. Here, we do not make a priori assumptions about the mantle source of anomalous time differentials. From test inversions we conclude that (both upper and lower) mantle structures that are poorly resolved by P data can be mapped into the core along PKP paths but that the effect of outer core structures, if any, on the mantle model is small. Compared to the inversion of the P, pP, and pwP alone, the inclusion of the PKPA•-PKPr)• and PKPA•-PKP•c and PKPr)v-Pdifr data improves the resolution of structure beneath 2200 km depth. In particular, the joint inversion puts better constraints on the long-wavelength variations in the very deep mantle and yields an increase in the amplitude of velocity perturbations near the CMB that is in agreement with but still smaller than inferences from shear wave studies. Resolution tests indicate that in some regions the enhanced definition of structure is significant, but in most regions the improvements are subtle and structure remains poorly resolved in large regions of the mantle.
Introduction
In the last decade, continuous improvement of seismic imaging techniques, data quality, and computer power has resulted in increasingly detailed images of Earth's interior Large regions in the lower mantle, especially in the Southern Hemisphere, are not adequately sampled owing to the scarcity of stations. In such regions, tomographic imaging will underestimate the true amplitude of the wave speed variations or not reveal them at all. Song and Helmberger [ 1997] showed that the model by van der Hilst et al. [ 1997] explains only •20% of the variance of observed PKP travel times and concluded that the amplitudes of P velocity variations in the lower mantle were underestimated by up to 1 order of magnitude. Van der Hilst et al. [ 1998] showed that the pattern (but not the magnitude) of PKP differential time residuals measured by McSweeney [ 1995] , mapped at the exit and entry points at the CMB, is consistent with their tomographic model. Assuming that they sense structure near the very base of the mantle, Wysession [1996] argued that PKPr)F-Pdif• differential travel time residuals require higher levels of velocity perturbations than is typically inferred from mantle tomography.
To improve sampling, Vasco and co workers Vasco et al. 1993 Vasco et al. , 1994 Vasco et al. , 1995a used ISC data from a large range of seismic phases. Their most recent P wave model is based on P, PP, PKP^B, PKPBc, PKPr)F, and PcP (absolute) travel time residuals [Vasco and Johnson, 1998 ]. The addition of core-reflected andrefracted phases enhances data coverage and improves the resolution. However, estimates or formal calculations of resolution depend on data coverage only, and it is not well known to what extend the high noise level in later arriving phases, in particular PcP, degrades the model. Here, we aim to improve models of the deep mantle by using differential travel time times of core-refracted anddiffracted phases along with (absolute) travel time residuals of mantle P and pP waves. Instead of relying on routinely processed data we use PKPr)•-Pdif• data from Wysession For the inclusion of the differential times in our tomographic scheme we used the approach described by van der Hilst and Engdahl [1991] for pP -P and PP -P data so that we do not need to make any a priori assumption for the localization of the source of the structural signal. Including the diffracted P waves in travel time tomography for three-dimensional mantle structure is, however, not trivial because (1) it is not a ray geometrical phase (it is evanescent and dispersive so that the observed travel time and its sensitivity to structure are frequency dependent) and (2) they were measured at much longer period than both the routinely processed (P, PKP) and waveform-based (PKP) data. Approximating the sensitivity by infinitely narrow rays is thus not appropriate, and, instead, we used 3-D sensitivity kernels, inferred from mode summation [Zhao and Jordan, 1998; Zhao et al., 2000] . We did not use Pdifr data from the Engdahl et al. [ 1998] catalog. We evaluated PcP-P differential travel times, but because the data are noisy and not readily consistent with our mantle models, we decided not to use them for the construction of the models presented here. We discuss the construction and use of 3-D sensitivity kernels and the selection, reduction, and combination of the waveform-based and routinely processed differential travel time residuals. We discuss the resolution of structure in the An advantage of the EHB98 P+ data is that data redundancy facilitates the extraction of structural signal, but a disadvantage of this and (most) other body wave data sets is the uneven sampling of the mantle. Upper mantle structure is well sampled near belts of high seismic activity and beneath dense receiver arrays, but large mantle volumes are poorly sampled, for instance in the upper mantle beneath intraplate regions and above the core mantle boundary beneath the Southern Hemisphere (Figure 2a ).
Core Phases (PKP and Pdiff)
To improve our ability to map the lowest few hundred km of the mantle we consider core refracted (PKP) and diffracted (/:'dig) waves (Figure 1 ). PKP^B and PKPBc travel through the outer core and PKPDF goes both through the outer and the inner core. For Pdifr the incidence angle is critical at the CMB so that the waves are diffracted along the core mantle boundary. PKP data were used for tomographic imaging by Vasco and Johnson [1998] . Pdifr data have been used to constrain lateral variations of P wave speed [Wysession, 1996] but not in published 3-D studies. for imaging. However, in the distance range beyond which differential times can be formed all PKP waves are of type DF, that is, they propagate through the inner core, and they have shorter ray segments in the deep mantle than any of the other PKP phases, which makes them less attractive for the imaging of mantle structure. The use of differential travel time residuals has several important advantages. First, they are relatively insensitive to uncertainties in earthquake location and origin time and to heterogeneity in the shallow mantle, so that the contribution of the structural signal from the deep mantle can be isolated. However, the success of this isolation depends on ray geometry (and thus epicentral distance), on the (frequency dependent) width of the sensitivity zone around the ray, and on the length scale of aspherical earth structure. For instance, at midmantle depths the paths of PKP and Pdiff can differ by hundreds of kilometers (Figure l a) , which is more than the width of a Fresnel zone for a 1-Hz wave at that depth. Small scale structure in the mid mantle can thus be sampled preferentially along one of the paths, which can lead to bias if the differential times are interpreted as due to deep mantle structure only. Second, it serves as a data quality criterion. Multiple phase identification is less prone to phase misidentification, is only possible from records with high signal-to-noise ratio, and is probably only done by experienced seismic analysts. Figure 2b illustrates the effective data coverage in the deep mantle for long period Pdifr. We also show the part of the corresponding optical Pdiff ray that grazes the CMB. Although the number of PKP and Pdifr data is small compared to the number of EHB98 P+ data they are given a larger weight in the inversions (see below) and in many regions of the deep mantle they provide the only direct constraints.
2.2.4.
Effects of core structure. PICP residuals are sensitive to wave speed variations in the outer core, if any, and, for the DF branch, to inner core structure [e.g., Creager, 1992; Song and Helmberger, 1995]. We omit PICPBo-PKPDF differential times because they have small sensitivity to mantle structure. We further reduced the sensitivity of our data to inner core structure by correcting all PKPDF travel times for the inner core model by Su and Dziewonski [ 1995] , although test inversions suggest that with the differential pairs used here the contamination of mantle structure by inner core signal would be small (see section 5.1). The conventional view is that there is no significant heterogeneity in the outer core would effect the PICP data used in our study, we investigated the trade-off between mantle and core structure with a series of inversion tests (see section 5.2). We conclude that explaining the core data do not require outer core heterogeneities. Therefore, except in specific tests we do not include the outer core in the inversions discussed here.
Methodology

Tomographic Problem
The purpose of travel time tomography is to interpret differences between observed and predicted (theoretical) travel times (that is, the "residuals") in terms of aspherical variations in wave speed (that is, "structure" or the "model") in Earth's interior. The inversion technique that we use, including the parameterization and the use of composite rays, is now fairly standard and is described in detail by, for instance, Nolet [1987] and Spakman and Nolet [1988] . Here we merely mention some basic aspects and discuss the integration of different data sets and the implementation of approximated 3-D sensitivity kernels.
Without the terms for regularization, the system of normal equations that describe the (linearized) relationship between model parameters and the data is given by There are many more data than model parameters, but the problem is underdetermined since a large part of the model space cannot be constrained because of uneven sampling.
Moreover, the system of equations is inconsistent owing to data noise. Consequently, there is no unique solution and we need to use regularization (damping). We apply norm damping, which suppresses anomalies in poorly constrained cells and thus biases to a lower amplitude solution, and gra- 
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Weighting of Waveform Data
The regularization of the inversion problem depends largely on the sampling and the noise level of the largest data set, and small data sets, even high-quality ones, can only exert influence if given more weight than individual entries in the routinely processed EHB98 catalog. Each PKP and Pdif• To suppress random noise in ISC picks we use the re-waveform measurement gets a weight equal to a composite dundancy in the almost 7x106 EHB98 P+ residuals and ray containing 10 ormorerays (i.e., v/'•).
construct "composite rays" [Spakman and Nolet, 1988 We do not restrict the number of individual rays that form a composite ray. Some bundles comprise more than 1000, but the average is about four. To suppress effects of outliers we use the median of the residuals as the datum associated with such a ray bundle. In order not to bias the distribution, we do not discard data prior to calculating the medians; however, composite rays with medians that have absolute values in excess of 5 s are excluded to reduce further the effects of outliers (this concerns < 1% of the original data set). Increasing the number of rays that constitute a composite ray results in a decrease of the spread of the associated residuals (Figure 4, solid line) . We scale each matrix row so its total path length equals the square root of the sum of path lengths for all rays that constitute the composite ray and weight the residual accordingly. This is roughly equivalent to using the individual rays but repeating the median residual in a least squares inversion. However, beyond the first 10 or so rays the net gain of adding more measurements diminishes because effects of, for instance, earthquake mislocation, instrumentation, near receiver structure, and imperfect theoretical approximations begin to overshadow the random reading errors. Therefore we apply a constant weight (v/]--•) to all composites with 10 or more rays. Although only 10% of the composite rays get the highest weighting they comprise more than 50% of the data. Notice, however, that even for these long-period differential times the sensitivity to midmantle structure along both the Pdiff and the _PKP path is not negligible. Plates 2b-2d show the change in sensitivity with increasing distance from the CMB.
Although our analytical functions are mere approximations, we prefer them over narrow ray paths because they allow us to deal with the frequency dependance of Pdiff sensitivity kernels and to account for the differences in Fresnel zone width in the data space instead of accomplishing the required smoothing in the model space which would also prevent the short-period data from constraining smallwavelength structure.
Results
Models From Different Data Sets
We use the layer just above the CMB to illustrate the influence of the individual data sets on the images (Plate 3). 
P only
Compatibility of the Different Data Sets
We assessed the success of the integration of the different data sets by quantifying how well a particular subset of data is explained by the 3-D mantle models constructed with or without the data under evaluation. In Figure 5 we compare for different data sets the observations (At) and model predictions (LAs), with L the sensitivity matrix for the data set to be tested. In Figure 5 the left column shows the predictions by KH2000PM based on EHB98 P+ only but all data were used for KH2000PC that render the fits in the right column. We show only residuals for composite rays with 10 or more rays to allow a direct comparison with waveform data. The models fit the EHB98 P+ data well, even though there is still a significant fraction of the signal that is not explained suggests that we still underestimate the amplitude of longwavelength structure in the lowest mantle. However, we decided not to weight this data set further because effects on the sensitivity kernels of CMB topography, earthquake mechanisms, and radiation patterns, and unmodeled finitefrequency effects may combine to a larger uncertainty.
Resolution
In addition to quantifying the data fit we have investigated how the addition of the extra data increases our ability to reconstruct Earth's structure. Calculation of even an approximate resolution matrix is con•putationally very expensive [Nolet et al., 1999; Vasco et al., 1999] . With our inversion method we performed test inversions with synthetic data calculated from different input models by multiplying the sensitivity matrix with the input structure, Z•,tsyn • Lhssyn.
We used the same regularization as for the inversion of the observed data. We performed two sets of inversion tests. In both cases the input model is a layer consisting of sinusoidal wave speed variations with a peek wave speed perturbation of 2% (see scalebar and input patterns at the bottom of Plate 4). The first set has half wavelengths ranging from • 1800 km at the CMB up to •2800 km at 1000 km depth. The second test has half the wavelength of the first one. Plates 4a-4d show, at the same scale as the input models, the recoveries of such a pattern placed at depths of 1000, 1500, 2000 kin, and just above the CMB. For the CMB we show the result from the longer-wavelength test since structures with characteristic length •900 km are on the margin of our resolving power.
These results were obtained using all data, that is the EHB98 P+ and the PKP and Pdiff differential travel time residuals. With the caveat that such tests primarily depend on ray coverage and do not account properly for data error, these results suggest that the lateral resolution of structure at wavelengths is excellent beneath most geographic regions, except beneath the central Pacific and the higher latitudes of the Southern Hemisphere. We remark that lateral resolution does not seem to change much between 1000 and 2000 km depth, but it deteriorates toward the base of the mantle (beneath 2500 km depth).
Of our primary interest is to what extent the added data improve our ability to recover structure in the deep mantle. Plate 4e displays the result of a test inversion with EHB98 P+ data for a target just above the CMB using the longer wavelength pattern. Plate 4f shows the difference between this result and the recovery obtained when the core phases are included (Plate 4d). Visual inspection of Plates 4d and 4e shows that overall the recovery of both the heterogeneity pattern as well as the amplitude improves when the core phases are included. In many regions the improvement is small, but, as expected from the differential sampling (Figure 2g) , the recovery is improved beneath South and Central America, Europe, north Asia, and the Australia-western Pacific region (Plate 4f). In these regions the structure, the lateral gradients, and the amplitudes are better reproduced. The input models have structures only in the specific layer that is being tested but during the inversion some signal is "smeared" to other layers. We investigated this radial smearing by calculating the root-mean-square (rms) of the recoveries, layer by layer, as can be seen in Figure 6b for the longerwavelength test with all phases. All the values shown here, including the input (shaded bars), are relative to the recovered rms of the layer being tested. As is to be expected with steeply descending rays the ability to constrain the radial extent of structures is smallest in the top few hundred kilometers. The radial smearing is however similar over the most of the lower mantle and no significant deviations in the depth interval 1000 km to 2500 km are apparent; both the rms of the recovery in the input layer and the level that is smeared to adjacent layers are fairly constant. In the deepest of mantle the smearing is still similar, but the recovered rms is slightly lower, consistent with Figure 6a South Atlantic. This structure is generally consistent with results of shear wave tomography (although differences exist, notably beneath Australia and Alaska where shear wave speed is high and P wave speed low) but has not been borne out so well by our previous P inversions. In a spectral analysis the structures of higher-than-average P wave speed around the Pacific would strongly contribute to a spherical harmonics degree 2 signal, but it is probably not a continuous structure. Su and Dziewonski [1995] . However, there is no consensus on inner core anisotropy and this correction does not account for any isotropic heterogeneity. Therefore, we carried out three test inversions to assess the dependence of our model on inner core structure. In the first we excluded near polar PKPD¾ paths since they are most sensitive to axial anisotropy. In the second we simply omitted the correction for inner core anisotropy. In the third we adapted the model parameterization and introduced ,,•1300 cells in the inner core and allowed them to absorb as much signal in the PKPD¾ travel time residuals as they can. The models resulting from tests two and three can be considered as endmember cases regarding the influence of inner core structure on our mantle model results. Comparison with the result discussed above (Plates 3d and 5) shows that in general the pattern of deep mantle structure is, for our set of differential times, virtually independent of our treatment of inner core structure. However, the amplitude of the high wave speed anomalies in the deep mantle beneath Alaska and between South Africa and Antarctica should be interpreted with caution. cerns the strong heterogeneity in the mantle beneath 2300 km and, surprisingly, above 1000 km depth. Second, we inverted synthetic data calculated using our model KH2000PC (i.e., no wave speed perturbations in the outer core) for both mantle and core structure. No minimization of the radial component of the gradient across the CMB was applied. Figure 8 (solid dots) demonstrates that potentially the mapping of mantle structure into the outer core is significant. Apart from a slight drop in amplitude, which is typical in such tests, the resulting radial rms profile is rather similar to the one obtained from the inversion of all original data (shaded circles). This suggests that the structure inferred from tomographic inversion of P and PKP data (Figure 8, shaded circles) can be explained by contamination of mantle structure and that outer core structure itself may not contribute much, if anything, to the structural signal in the ?K? data used in our study.
Outer
Third, we inverted synthetic data calculated for a model with structure in the outer core only (Figure 8, open stars) . In this case, the mantle structure is set to zero so that all synthetic P data are zero, which results in a very significant bias to small amplitude in the inversion result. Despite this severe condition, some outer core structure leaks to lower mantle depths (Figure 8, solid stars) , presumably along PKP branches that sample regions devoid of EHB98 ?+ paths.
However, even if we take the rms of core structure comparable to that of the lower mantle the rms of the deep mantle artifacts is almost 1 order of magnitude less than the lateral variations inferred from the real data (Plate 5).
Summary and Conclusions
We have improved the constraints on variations in lower mantle ? wave speed by incorporating PKP and Pdief travel time information. These phases sample the deep mantle in a different way than the ? phases used in our previous global inversions, and resolution tests suggest that addition of these phases slightly improves the images of structure in the deep mantle. However, integrating data sets that differ substantially in size, quality, and frequency content is neither trivial nor unique. The integration of the different data was guided by the improvement of data fit for all data involved. We have inverted the high-quality differential travel time residuals for P KP and Pdiff phases and also used them as the 
